Embryonic stem (ES) cells can self-renew indefinitely without losing their differentiation ability to any cell types. Phosphoinositide-3 kinase (PI3K)/Akt signaling plays a pivotal role in various stem cell systems, including the formation of embryonic germ (EG) cells from primordial germ cells and self-renewal of neural stem cells. Here, we show that myristoylated, active form of Akt (myr-Akt) maintained the undifferentiated phenotypes in mouse ES cells without the addition of leukemia inhibitory factor (LIF). The effects of myr-Akt were reversible, because LIF dependence and pluripotent differentiation activity were restored by the deletion of myr-Akt. In addition, myr-Akt-Mer fusion protein, whose enzymatic activity is controlled by 4-hydroxy-tamoxifen, also maintained the pluripotency of not only mouse but also cynomolgus monkey ES cells. These results clearly demonstrate that Akt signaling sufficiently maintains pluripotency in mouse and primate ES cells, and support the notion that PI3K/Akt signaling axis regulates 'stemness' in a broad spectrum of stem cell systems.
Introduction
Embryonic stem (ES) cells are cells derived from the inner cell mass of blastocysts and sustain pluripotency, the capacity to differentiate into all three germ layers and germ lineage (Chambers and Smith, 2004) . Pluripotency of mouse and primate ES cells is regulated by distinct signaling pathways. Mouse ES cell pluripotency can be maintained by leukemia inhibitory factor (LIF), which activates the Janus kinase-signal transducer and activator of transcription-3 (JAK/STAT3) signaling pathway. Withdrawal of LIF and inhibition of JAK/ STAT3 signaling rapidly induce differentiation in mouse ES cells (Boeuf et al., 1997; Niwa et al., 1998) . Introduction of a conditionally active version of STAT3 maintains the pluripotency of ES cells without LIF stimulation (Matsuda et al., 1999) . In spite of its essential and sufficient roles in mouse ES cells, LIF/ JAK/STAT3 signaling is not involved in the maintenance of primate ES cell pluripotency (Daheron et al., 2004; Humphrey et al., 2004; Sumi et al., 2004) . Furthermore, signaling by bone morphogenetic proteins (BMP) works together with LIF to maintain the pluripotency of mouse ES cells (Ying et al., 2003a; Qi et al., 2004) . However, Noggin, an inhibitor of BMP signaling, sustains undifferentiated states of human ES cells in the presence of basic FGF (fibroblast growth factor) (Xu et al., 2005) . In contrast to JAK/STAT3 and BMP signalings, Wnt/b-catenin signaling participates in the control of pluripotency in both mouse and human ES cells (Kielman et al., 2002; Sato et al., 2004) .
A variety of growth factors, cell adhesion molecules and chemokines activate phosphoinositide 3-kinase (PI3K), which generates the second messenger molecule, phosphatidylinositol (3,4,5)-triphosphate (PtdIns (3,4,5)P 3 ) from PtdIns(4,5)P 2 (Cantley, 2002) . PtdIns (3,4,5)P 3 transmits the signals through downstream effectors including Akt, a serine/threonine kinase implicated in the regulation of cell cycle progression, cell death, adhesion, migration, metabolism and tumorigenesis (Brazil et al., 2004) . The tumor suppressor PTEN is a lipid phosphatase that catalyses the dephosphorylation from PtdIns(3,4,5)P 3 to PtdIns(4,5)P 2 , thereby antagonizing the physiological and pathological processes of PI3K/Akt signaling (Stiles et al., 2004) . Involvement of PI3K/Akt signaling in the regulation of stem cell systems has been proposed from the studies of conditional Pten-deficient mice. The production of embryonic germ (EG) cells is enhanced in primordial germ cell (PGC)-specific mutant mice (Kimura et al., 2003b) and self-renewal of neural stem cells is increased in brain-specific mutant mice (Groszer et al., 2001) . Recently, it has been reported that inhibition of PI3K and Akt induces differentiation of mouse and human ES cells, suggesting that PI3K/Akt signaling is necessary for the maintenance of ES cell pluripotency. Here, we demonstrate that the activation of Akt signaling is After 4 and 8 days, the colonies were stained with the ALP substrate FastRed. The percentages of undifferentiated ALP-positive and differentiated ALP-negative colonies were calculated (mean7s.d., n ¼ 3). The colonies that had differentiated cells only at the margins of colonies were counted as partially differentiated colonies. In the absence of LIF, the percentages of the completely undifferentiated colonies of the myr-Akt-expressing ES cells were significantly higher than those of parental and control EGFP-expressing ES cells (*Po0.0001 by Student's t-test 
Results
Undifferentiated phenotype of myr-Akt-expressing mouse ES cells in the absence of LIF First, we investigated the potential impact of PI3K/Akt signaling on the pluripotency of ES cells. An expression plasmid encoding the myristoylated, constitutively active form of Akt (myr-Akt) followed by IRES-EGFP (internal ribosome entry site linked to enhanced green fluorescent protein) and a control plasmid with IRES-EGFP alone were introduced into a feeder-free mouse ES cell line, E14tg2a. Three ES clones that exhibited high and uniform expression of EGFP were selected and used for the following analyses ( Figure 1a ). The expression level of the constitutively active form of Akt was higher than that of endogenous Akt (Figure 1b ). Although LIF activates PI3K/Akt signaling, the phosphorylation level of myr-Akt was much higher than that of endogenous Akt.
To examine the differentiation capacities of myr-Aktexpressing ES cells, these ES cells were seeded at a low density and cultured in the absence of LIF. The differentiation status was examined by cell morphology and the activity of alkaline phosphatase (ALP), one of the specific markers of undifferentiated ES cells. When control ES cells were cultured, approximately 70% of the colonies differentiated within 4 days and the vast majority of the colonies had completely differentiated by day 8 (Figure 1c ). The differentiated cells exhibited a high cytoplasm-to-nuclei ratio and were negative for ALP activity (Figure 1d and e). The control ES cell lines carrying only the IRES-EGFP transgene also differentiated similarly. In contrast, when the myr-Akt-expressing ES cells were cultured, more than 90 and 60-80% of the colonies were ALP positive on days 4 and 8 after LIF withdrawal, respectively. The myr-Akt-expressing cells retained a low cytoplasm-to-nuclei ratio and formed round and multi-layered colonies, which are characteristics of undifferentiated ES cells (Figure 1d and e). In addition, Oct-3/4 expression, the hallmark of pluripotent ES cells, was retained in the myr-Aktexpressing cells after 8 days in culture without LIF ( Figure 1f ). A significant proportion of the myr-Aktexpressing ES cells maintained a morphology similar to undifferentiated ES cells, and the expression of ALP and Oct-3/4 in the absence of LIF for at least for 1 month (data not shown). These results show that myr-Aktexpressing ES cells self-renew with undifferentiated characteristics even in the absence of LIF.
Gene expression profile of myr-Akt-expressing mouse ES cells
To investigate the differentiation status of myr-Aktexpressing ES cells in more detail, we next analysed the expression of several marker genes of control ES cells along with myr-Akt-expressing ES cells in the presence of LIF and 8 days after the withdrawal of LIF. Nanog, Oct-3/4, PGC7/Stella and Rex-1 are stem cell markers exclusively expressed in pluripotent cells and germ lineages (Ben-Shushan et al., 1998; Pesce and Scholer, 2001; Saitou et al., 2002; Sato et al., 2002; Chambers et al., 2003; Mitsui et al., 2003) . TNAP (tissuenonspecific alkaline phosphatase) encodes ALP, which is preferentially expressed in ES cells. Collagen IV and Brachyury are differentiation markers for endoderm and mesoderm, respectively. As shown in Figure 2 , expression of all the stem cell markers was maintained and differentiation markers were not induced in myr-Aktexpressing ES cells on day 8 after the LIF withdrawal. We further examined the global gene expression pattern of the cells using Affymetrix microarrays (Supplementary Figure 1; accession numbers, GSM45082-GSM45085). When differentiation was induced in the control ES cells by the deprivation of LIF, expression of 139 and 200 genes was up-and downregulated more than 2.5-fold, respectively. However, approximately 90% of these genes exhibited only less than 2.5-fold change in Akt-Mer-expressing cells after the removal of LIF. Expression of the representative genes was validated by semiquantitative RT-PCR. Thus, the overall gene expression profile of the control ES cells in the presence of LIF was quite similar to that of the myr-Akt-expressing ES cells in the absence of LIF. Taken together, these results indicate that activation of Akt signaling prevents the differentiation and maintains the undifferentiated state in ES cells in the absence of LIF.
STAT3, ERK and b-catenin signaling in myr-Akt-expressing mouse ES cells
Various signaling pathways control pluripotency in mouse ES cells. We examined the possibility that Akt signaling maintains the undifferentiated state by affecting these signaling cascades. The activation kinetics of STAT3 in myr-Akt-expressing cells was analysed with a phospho-STAT3-specific antibody because the phosphorylation of STAT3 is sufficient to maintain mouse ES cell pluripotency (Niwa et al., 1998; Matsuda et al., 1999) . No significant difference was observed between the parental and myr-Akt-expressing ES cells ( Figure 3a) . Inhibition of ERK signaling might be able to prevent the diffrentiation of ES cells, as ERK signaling negatively regulates the self-renewal of ES cells (Burdon et al., 1999) . However, in myr-Aktexpressing ES cells, ERK signaling was activated and its phosphorylation level was enhanced rather than inhibited ( Figure 3b ). Wnt/b-catenin signaling plays a role in maintaining the pluripotency of ES cells (Kielman et al., 2002; Sato et al., 2004) . Wnt blocks proteasome-mediated degradation of b-catenin through the inhibition of glycogen synthase kinase 3b (GSK3b) (Moon et al., 2004) . Consequently, b-catenin accumulates in the nucleus, forms a heterodimer with transcription factor T-cell factors (TCF) and activates the target genes. As Akt also inhibits GSK3b through the phosphorylation of Ser9, b-catenin signaling may be involved in the Aktmediated maintenance of undifferentiated states. Ser9 phosphorylation level of GSK3b was enhanced in the myr-Akt-expressing cells (Supplementary Figure 2a) did not accumulate in the nucleus both in the control and myr-Akt-expressing ES cells (Figure 3c) . Secondly, the luciferase reporter gene carrying the tandem binding sites for b-catenin/TCF was not activated in myr-Akt-expressing cells (Figure 3d ), whereas the reporter was induced upon Wnt3a treatment in the myr-Akt-expressing cells (Supplementary Figure 2b) . Finally, treatment of control ES cells with the PI3K inhibitor LY294002 did not affect the Wnt3a-induced luciferase reporter activation (Supplementary Figure 2c) . Collectively, Akt signaling maintains the undifferentiated state independent of the STAT3, ERK and b-catenin signaling pathways.
Maintenance of the pluripotency of mouse ES cells by Akt signaling A unique property of ES cells is the ability to differentiate into multiple cell lineages. We next investigated whether myr-Akt-expressing ES cells cultured in the absence of LIF maintained pluripotency. For this purpose, the plasmid plox-myr-Akt, which carries the myr-Akt expression cassette flanked by loxP sites at both ends followed by the EGFP expression cassette, was transfected into EB3 feeder-free ES cells (Figure 4a ). In the ES cells with the plox-myr-Akt, the myr-Akt-expressing cassette can be excised through Cremediated recombination, which results in the expression of EGFP cDNA (Figure 4b and c) . Thus, the developmental capacities of the cells cultured in the absence of LIF can be assessed following the Cre-mediated deletion of myr-Akt. When the parental ES cells were cultured without LIF for longer than 10 days, the cells differentiated completely and no morphologically identifiable ES cells could be recovered by the addition of LIF. In contrast, the ES cells containing the plox-myr-Akt maintained an undifferentiated state in the absence of LIF. The myrAkt-expressing cassette was then deleted by the introduction of the Cre expression plasmid (Figure 4b and c) . The in vitro and in vivo differentiation activity of the cells after culturing in the absence of LIF for 11 days was examined by several methods. The ES cells from which the floxed-myr-Akt was excised by Cre recombinase were karyotypically normal and differentiated upon the withdrawal of LIF, which indicates that LIF dependency had been restored (Figure 4d and e) . In an in vitro hematopoietic differentiation system using OP9 stromal cells (Nakano et al., 1996) , these cells formed mesodermal colonies on day 5 after differentiation induction and produced a variety of hematopoietic cells, such as erythrocytes and granulocytes, on day 12 (Figure 4f ). In neuronal differentiation conditions (Ying et al., 2003b) , the cells differentiated into TuJ1-positive neurons with long axons (Figure 4g ). When transplanted into nude mice, these cells produced teratomas composed of various differentiated cells (Figure 4h ). These ES cells were also incorporated into development and contributed to chimeric mice when injected into blastocysts (Figure 4i) . These results clearly demonstrate that Akt signaling sufficiently maintains the pluripotency of ES cells in the absence of LIF.
Manipulation of pluripotency in mouse ES cells by myr-Akt-Mer fusion protein
To manipulate the differentiation status of ES cells in a conditional manner, we engineered mouse E14tg2a ES cells to express myr-Akt-Mer, which is a fusion protein consisting of the active form of Akt and the modified ligand binding domain of the estrogen receptor (Mer) (Figure 5a ) (Kohn et al., 1998) . In these cell lines, myrAkt-Mer was expressed at the levels comparable to endogenous Akt (Figure 5b) . The enzymatic activity of myr-Akt-Mer can be controlled by the addition of the ligand of Mer, 4-hydroxy-tamoxifen (4OHT). myr-AktMer is activated in the presence of 4OHT, whereas it is inactive in the absence of 4OHT (Figure 5b ). Neither STAT3 nor b-catenin signaling pathways was activated by the addition of 4OHT in the myr-Akt-Mer-expressing cells (Supplementary Figure 3) . In the absence of LIF, the ES cells expressing myr-Akt-Mer maintained undifferentiated phenotypes in the presence but not in the absence of 4OHT (Figure 5c and d) . The myr-AktMer-expressing cells that had been cultured in the absence of LIF sustained the capacity to differentiate into hematopoietic cells and neruonal cells after the withdrawal of 4OHT (Figure 5e and f) . Furthermore, these cells generated teratomas composed of various differentiated cells (Figure 5g ) and contributed to chimeric mice when injected into blastocysts (Figure 5h ). Thus, myr-Akt-Mer enabled us to control the differentiation status of mouse ES cells by conditional regulation of Akt signaling.
Conditional regulation of cynomolgus monkey ES cell pluripotency by myr-Akt-Mer LIF/STAT3 does not have the function of maintaining the pluripotency of primate ES cells (Daheron et al., 2004; Humphrey et al., 2004; Sumi et al., 2004) . Instead, feeder cells or conditioned medium of the feeder cells is required, which indicates that the factors derived from feeder cells are necessary for maintaining primate ES cell pluripotency. To examine the effects of Akt signaling on primate ES cell pluripotency, cynomolgus monkey ES cell lines expressing myr-Akt-Mer were generated (Figure 6a and b) . When cultured on the feeder cell layers, the myr-Akt-Mer-expressing cynomolgus monkey ES cells were indistinguishable from the parental ES cells, either in the absence or presence of 4OHT, with respect to their morphology and also the expression of ALP and Oct-3/4 (data not shown). However, when cultured without feeder cells, the control ES cells differentiated within 5 days. In contrast, significant populations of myr-Akt-Mer-expressing ES cells remained undifferentiated in the presence but not in the absence of 4OHT (Figure 6c and d) . Undifferentiated phenotypes under the feeder-free conditions continued for at least 1 month (data not shown). Embryoid bodies were generated after culture in the presence of 4OHT without feeder cells for 5 days. A variety of morphologically differentiated cells were observed after the embryoid bodies became adherent to the culture dishes (data not shown). RT-PCR analysis of these cells Akt signaling in pluripotency of ES cells S Watanabe et al revealed that the myr-Akt-Mer-expressing ES cells, which had been cultured in the presence of 4OHT without feeder cells, differentiated into three germ layers (Figure 6e ). These results demonstrate that conditional activation of Akt signaling supports the pluripotency of primate ES cells as well as that of mouse ES cells.
Discussion
In this study, we demonstrate that activation of Akt signaling can maintain the pluripotency of mouse and cynomolgus monkey ES cells. Although it has been shown that Wnt/b-catenin signaling also regulates pluripotency in mouse and primate ES cells (Kielman et al., 2002; Sato et al., 2004) , Akt signaling functions independently of Wnt/b-catenin signaling, as neither nuclear accumulation of b-catenin nor b-cateninmediated transactivation was detected in the myr-Aktexpressing ES cells. In addition, introduction of the constitutively active GSK3b mutant, which is resistant to Akt-mediated phosphorylation, did not revert the phenotype in myr-Akt-expressing ES cells (data not shown). Hence, Akt signaling is a signaling pathway that functions commonly in mouse and primate ES cells as does Wnt/b-catenin signaling. Treatment of mouse ES cells with the PI3K inhibitor LY294002 inhibits the proliferation and induces cell cycle arrest at the G1 phase (Jirmanova et al., 2002) . Both the proliferative and tumorigenic potential are enhanced in Pten-deficient ES cells, which is reverted by the additional deletion of Akt-1 (Sun et al., 1999; Stiles et al., 2002) . Furthermore, the proliferative and tumorigenic activites of mouse ES cells are suppressed by the deletion of a small GTPase ERas, which activates PI3K/ Akt signaling, and this phenotype is complemented by the introduction of an active form of PI3K . Thus, it has been considered that PI3K/Akt signaling in ES cells is important for the promotion of cell growth and tumorigenesis. Our results cast a new light on Akt signaling, namely, Akt signaling regulates the pluripotency as well as the proliferation of ES cells. Recently, inhibition of PI3K/Akt signaling in mouse and human ES cells was reported to induce differentiation of the ES cell in the presence of LIF and feeder cells, respectively (Paling et al., 2004; Kim et al., 2005) , which supports the claim for the importance of Akt signaling in ES cell differentiation.
PI3K/Akt signaling is activated by the growth factors and cell adhesion molecules, which participate in ES cell pluripotency. For example, LIF activates PI3K/Akt signaling in mouse ES cells (Jirmanova et al., 2002; Paling et al., 2004) . In human ES cells, basic FGF sustains undifferentiated proliferation in collaboration with Noggin, the inhibitor of BMP signaling (Xu et al., 2005) . In addition, the treatment with blocking antibodies against a 6 b 1 integrin induces the differentiation of human ES cells (Kim et al., 2005) . Thus, multiple signaling would cooperatively regulate the ES cell pluripotency through the activation of PI3K/Akt signaling.
Akt controls various celluar processes through the phosphorylation of a number of target proteins (Brazil et al., 2004) . The mTOR (mammalian target of rapamycin)-eIF4E (eukaryotic translational initiation factor 4E) axis is a critical downstream effector for the PI3K/Akt-mediated regulation of cell size, metabolism and tumorigenesis (Hay and Sonenberg, 2004) . However, the addition of rapamycin, an inhibitor of mTOR, to the Akt-expressing mouse ES cells inhibited proliferation, but did not induce differentiation (data not shown). Additionally, forced expression of Rheb, an activator of mTOR, and eIF4E, was not sufficient for the LIF-independent maintenance of pluripotency (data not shown), suggesting that the mTOR-eIF4E axis is not a major downstream effector.
Cell cycle control differs in ES and differentiated cells. The G1 phase is short in ES cells owing to the absence of the cell cycle inhibition mediated by the CDK inhibitor INK4 and tumor suppressor RB. ES cells acquire these inhibitory mechanisms when the cells undergo differentiation upon LIF withdrawal (Burdon et al., 2002) . Akt promotes a G1 to S phase transition by facilitating the formation of cyclin/CDK complexes (Brazil et al., 2004) . The inability to gain the inhibitory mechanisms may be the key role of Akt signaling for the differentiation block of ES cells. Consistent with this notion, aberrant cell cycle progression has been observed in Pten-deficient cells, as discussed below. However, this The myr-Akt-Mer-expressing ES cells that had been cultured in the presence of 4OHT without feeder cells were subjected to embryoid body formation assay. The parental ES cells cultured on feeder cells were used as a control of normal differentiation. After 10 days culture, the embryoid bodies were adherent to the culture dishes and further differentiated for 10 more days. The expression of the marker genes of the three germ layers was analysed by RT-PCR. Albumin and AFP (a-fetoprotein), endoderm markers; aMHC (a-myosin heavy chain) and cTnT (cardiac troponin T), mesoderm markers; Musashi1, ectoderm marker. Bars, 100 mm. explanation does not seem sufficient, as the overexpression of cyclin D, the amount of which is regulated transcriptionally and post-transcriptionally by Akt signaling, did not maintain the undifferentiated phenotype of ES cells (data not shown). Thus, the critical target molecule(s) remain to be identified.
Stem cell systems depend on a balance between self-renewal and commitment to differentiation. The involvement of the PI3K/Akt signaling pathway in stem cell regulation has been proposed in studies with conditional Pten knockout mice, in which Akt signaling is upregulated. One study was conducted with PGCspecific Pten-null mice (Kimura et al., 2003b) . PGC is the germ cell precursor and source of another pluripotent stem cell, EG cells. In PGC-specific Pten-deficient mice, the proliferation of PGC and the production of EG cells were enhanced in vitro. In vivo, testicular teratomas developed, presumably by de-differentiation from PGCs to pluripotent cells. The other study was in neural cell-specific Pten-null mice (Groszer et al., 2001) . Self-renewal and proliferation of neural stem cells were increased in the Pten-deficient mice. Taken together with the present results, the activation of PI3K/Akt signaling pathway skews the balance of self-renewal and differentiation, and maintains the immature stem cell state.
Materials and methods

Cell culture
The feeder-free mouse ES cells, E14tg2a and the derivatives were maintained as described previously (Niwa et al., 1998) . To examine the LIF dependency, the cells were seeded at a density of 100 cells/cm 2 and stained using an ALP-staining kit (Sigma, St Louis, MO, USA). For the experiments described in Figures 4 and 5 , the floxed-myr-Akt-expressing cells and myrAkt-Mer-expressing cells were seeded at a density of 100 cells/ cm 2 and cultured without LIF for 5 days. These cells were then passaged at the same density and cultured without LIF for a further 6 days. The parental and myr-Akt-Mer cells cultured without 4OHT differentiated completely during this culture, and ES cells were never recovered by the addition of LIF. However, floxed-myr-Akt-and myr-Akt-Mer-expressing cells that were cultured in the presence of 4OHT remained undifferentiated, and their developmental capacities were examined. To excise the myr-Akt expression cassette, a Cre expression plasmid was transiently transfected into 1 Â 10 5 floxed-myr-Akt-expressing cells using Lipofectamine 2000 (Invitrogen, Rockville, MD, USA). The colonies expressing EGFP were picked up and the absence of myr-Akt expression was confirmed by Western blot analysis.
The cynomolgus monkey ES cell line CMK6 was purchased from Asahi Technoglass Corporation (Tokyo, Japan). The CMK6 cells were cultured on mitomycin C-treated mouse embryonic fibroblasts as described . Transfection was performed by electroporation as described (Furuya et al., 2003) . For the feeder-free culture, CMK6 cells were dissociated into small clumps by a dissociation solution . To eliminate feeder cells, these clumps were cultured on a gelatin-coated dish for 30 min. The floating ES cells were seeded to a Matrigelcoated dish and cultured in the absence or presence of 1 mM 4OHT for 5 days. For the embryoid body assays, the ES cell clumps were cultured for 10 days in Petri dishes.
Plasmids
The cDNA encoding myristoylated-human Akt lacking the PH domain (myr-Akt) was cloned into the pCAGGS-IRESEGFPpA vector to produce the active Akt expression plasmid (Niwa et al., 1991; Masuyama et al., 2001) . To construct an estradiol-dependent Akt expression vector, the myr-Akt fragment fused to Mer in-frame was cloned into the pCAGGS-IRES-EGFPpA vector. To construct the floxedAkt expression vector, myr-Akt-IRES-puropA was cloned into a pBS246 vector that carried two loxP sequences (Invitrogen). The EGFP expression unit was next incorporated into this plasmid, resulting in the generation of the cassette composed of floxed-myr-Akt-IRES-puropA followed by the EGFP expression unit. The whole cassette was finally cloned into the pCAGGS expression vector.
Antibodies
Antibodies against phospho(Ser473)-Akt, Akt, phospho (Tyr705)-STAT3, phospho(Ser9)-GSK3b, phospho(Thr202/ Tyr204)-ERK1/2 and ERK1/2 were purchased from Cell Signaling Technology (Beverly, MA, USA). Anti-STAT3, anti-GSK3b, anti-Oct-3/4 and TuJ1 were purchased from Transduction labs (Lexington, KY, USA), Upstate Cell Signaling Solutions (Waltham, MA, USA), Santa Cruz Biotechnology (Santa Cruz, CA, USA) and R&D Systems Inc. (Minneapolis, MN, USA), respectively.
RT-PCR
Total RNA was isolated by an RNeasy mini kit (Qiagen, Valencia, CA, USA), and 1 mg of total RNA was used for cDNA synthesis. The reverse transcription was performed using the ThermoScript RT-PCR system (Gibco BRL, Rockville, MD, USA) as described (Kimura et al., 2003a) . PCR reactions were optimized to allow semiquantitative comparisons within the log phase of amplification. For the mouse genes, the primer sequences and cycles are listed in Supplementary Table 1 . The primers for the monkey genes were the same as designed previously (Nagata et al., 2003; Sumi et al., 2004) .
Luciferase assay Cells (5 Â 10 4 ) were transfected on 24-well culture plates with 150 ng pTOPFLASH or pFOPFLASH vector and 20 ng luciferase from Renilla areniformis. After 48 h, luciferase activities were measured in a luminometer and normalized for the data for the transfection efficiency by means of a Dual Luciferase Assay System (Promega, Madison, WI, USA).
In vitro differentiation assays
In vitro differentiation induction to hematopoietic and neuronal cells from ES cells was performed as described (Nakano et al., 1996; Ying et al., 2003b 
